M ember states of the United Nations have now agreed to substantially reduce global emissions of carbon dioxide. This commitment challenges scientists to improve methods for producing renewable energy. An attractive approach pioneered 1 in 1972 is to produce hydrogen gas -a potential fuel -by 'splitting' water using solar energy and a solid photocatalyst, which mediates light-induced reactions. But no process has been commercialized because the conversion of light to fuel remains inefficient, despite more than 40 years of intense research. On page 77 of this issue, Sambur et al. 2 report exciting insights into how photo catalyst particles function at the molecular level. Their findings challenge current views of photocatalyst design, and bring the rational engineering of photocatalysts for splitting water a step closer.
Solar water splitting uses the energy contained in sunlight's photons to generate hydrogen and oxygen gas from water. Although many renewable energy sources are known, and will be needed to satisfy global energy demands, hydrogen has the advantage of being a clean fuel, because only pure water is formed during its combustion. Direct water splitting requires highly energetic ultraviolet light, but this is efficiently filtered out by Earth's atmosphere. Photocatalysts can induce this reaction using lower-energy ultraviolet photons, and even, in some cases, by using photons of visible light.
Solid photocatalysts capture photons and temporarily transfer photonic energy to an electron, exciting it into the catalyst's conduction band and leaving behind a 'hole' in the valence band that behaves as a positively charged particle. The resulting electron-hole pair can induce chemical reactions at the photo catalyst's surface. For example, the holes can oxidize water to form oxygen gas and protons (H + ions), and the negatively charged electrons can reduce these protons to form hydrogen gas. Photocatalytic 'cascades' of this sort can therefore be used to store solar energy in chemicals such as hydrogen.
Electrons can also recombine with holes to produce heat. This process should be avoided, however, because it competes with photocatalytic reactions and lowers the efficiency with which energy can be stored in chemicals. In practice, photocatalysts are often connected to an external electric power source that rapidly drains away the excited electrons; the withdrawn electrons are directed towards a separate catalyst to form hydrogen gas from protons ( Fig. 1) . The holes remaining at the photocatalyst (which, in this set-up, is called the photoanode) are thus more likely to oxidize water than if the electrons had not been withdrawn. An additional oxygen-evolution co-catalyst deposited on the photoanode can be used to further enhance water oxidation and to minimize unwanted electron-hole recombination.
Minimizing the amounts of photocatalysts and co-catalysts needed to fabricate a photoanode is essential, not only to reduce costs, but also because co-catalysts compete for photons by scattering or absorbing them 3 . Attempts to optimize photoanode designs are often based on the interpretation of studies involving large amounts of material, in which underlying molecular processes are masked because their effects average out. Such approaches overlook inherent differences between the individual particles that make up the bulk material. Solid catalytic materials are structurally complex at the smallest scales -even seemingly perfect crystals contain atomic-scale imperfections at surfaces at which the reactions occur 4 . Sambur et al. used two approaches to directly measure the performance of titanium oxide (TiO 2 ) photocatalysts. First, they mapped out the locations of single oxidation and reduction reactions at the catalyst surface with nano metre-scale precision, by using fluorogenic reactants (precursors of fluorescent products) [5] [6] [7] . These measurements revealed hotspots for oxidation and reduction reactions, which, surprisingly, overlap by about 40 nm.
Second, the authors analysed the number of electrons that could be withdrawn from the photo anode as different parts of it were selectively illuminated. From these measurements, they deduced the efficiency
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Photocatalysts in close-up
The water-splitting reaction is a promising route to renewable energy. Catalytic hotspots, and the best sites for co-catalyst placement, have now been pinpointed in a water-splitting catalyst, guiding future catalyst design. See Letter p.77 , where they form hydrogen gas. The holes remaining at the photoanode react with water to form oxygen. Sambur et al. 2 have studied the oxygen-forming reaction on titanium oxide at the nanoscale.
with which an absorbed photon at a certain location gives rise to an oxidation reaction or to an unwanted electron-hole recombination. They observed that the oxidation and reduction hotspots are also the most active recombination regions. With information in hand about the variation of reactivity with position, Sambur and co-workers went on to selectively deposit oxygen-evolution co-catalysts at hotspots or at regions with intrinsically low activity. Unexpectedly, the authors found that oxygen evolution was most effectively improved when the co-catalyst was located at positions that had intrinsically low activity. These regions are currently not targeted by researchers because conventional deposition methods tend to place co-catalysts at more-active positions 8 . Sambur and colleagues' work paves the way for the rational engineering of catalysts and for improved photoanode operation -the ability to map the nanoscale electrochemical efficiency and redox reactivity of photo catalysts is a major step forward. However, challenges remain before these findings can lead to the development of improved technology. For example, how can spatially selective co-catalyst deposition be easily and cost-effectively scaled up from the single-particle approach used by the authors? Furthermore, the spatial resolution of the experiments is limited to a few tens of nanometres. This means that the data still represent average performances for thousands of surface atoms, many of which are possible catalytic sites. There is ample room for improvement, for example by enhancing the resolution of the techniques used.
More broadly, the authors' insights into the functioning of titanium oxide photocatalysts demonstrate yet again the complexity of catalytic processes on solid materials in general 9 . Their breakthrough experiments underline how difficult it is for bulk-scale studies to correctly capture this complexity and to formulate guidelines for rational catalyst design 10 . ■ 1 measured the fraction of a population of nematode worms that remained alive over time in various conditions, constructing 'survival curves' (coloured lines) for each condition. The survival curves for many different conditions can be superimposed simply by rescaling the time axis. This observation implies that each condition alters the probability of every cause of death to the same extent. b, If this were not the case, the curves would not be superimposable. For example, if a fast-acting cause of death is made less likely, but not a slow-acting one, then the curve's shape will change in one particular region (as in the light blue compared to the dark blue curve). c, To obtain the scaling observed by Stroustrup and colleagues, there must be an organismal state, here dubbed 'resilience' , that is influenced by many determinants of lifespan, and that is the sole determinant of the risk of death from any particular cause (different causes are represented by numbers).
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Z AC H A R Y P I N C U S I t is a long-standing mystery why, although the rate of ageing varies greatly among species, the effects of ageing are remarkably consistent. Closely related species such as mice and naked mole rats can have average lifespans that differ by more than tenfold, yet these species (and others as distant as yeast and humans) undergo similar molecular changes throughout ageing. In this issue, Stroustrup et al. 1 (page 103) rigorously demonstrate that the way in which the risk of death changes over the course of an organism's life is largely independent of the length of that life.
The nematode worm Caenorhabditis elegans is often used for studies of ageing, because it has a lifespan of about two weeks and is easy to cultivate in the laboratory. Stroustrup and colleagues used their previously developed 2 'lifespan machine' to simultaneously measure the survival of tens of thousands of individual worms with 20-minute precision. The authors subjected the worms to a range of lifespanaltering conditions -different temperatures, a damaging compound, a lifespan-prolonging food source and several genetic mutations that extend or shorten life span. After analysing the lifespans of more than 100,000 individuals, they demonstrate that the overall shape of the survival curve (a plot of the fraction of the starting worm population alive at any given time) remains unchanged in different conditions. They find that these conditions act only to stretch or squeeze the curve along the time axis (Fig. 1a) . This is altogether unexpected, because it implies that the tested lifespan-altering manipulations change the probability of every possible cause of death in concert and to
